Introduction {#s0005}
============

Death of cancer patients is frequently associated to its dissemination to other sites. The skeleton is the most common site of colonization by metastatic cancers, such as breast and prostate (65%-75%), thyroid (60%), kidney (25%), and lung (30%-40%). Patients with bone metastases have a high degree of morbidity, including severe pain, hypercalcemia, spinal cord compression, and pathological fractures. These skeletal-related events lead to a decrease in the quality of life and survival [@bb0005].

During the metastatic process, cancer cells from a primary tumor, beyond the organ of origin, extravasate and enter into the circulation. According to Paget\'s "seed and soil" theory [@bb0010], only compatible tumor cells (the seeds) with a target organ (fertile soil) nest in and proliferate, being able to develop secondary tumors. In the skeletal compartment, metastatic cells begin to release several factors deeply altering normal bone homeostasis. In the case of osteoblastic metastases, the release of ET-1, BMPs, and Wnt, among others, exacerbates the activity of osteoblasts, leading to aberrant bone deposition. In contrast, some tumors secrete factors that lead to the formation of osteolytic lesions by altering osteoclastic activity, such as PTHrP, IL-6, and IL-11, among others. This increase of bone remodeling produces the release of bone matrix-embedded factors that favor, in turn, the growth of tumor cells, thus establishing a "vicious cycle" between the tumor and the host. Of note, regulatory mechanisms try to compensate the unbalance between formation and resorption by increasing osteoclastic and osteoblastic activities, respectively (coupling remodeling phenomena) [@bb0015].

Patients diagnosed with bone metastasis benefit from the use of antiresorptive agents such as bisphosphonates that delay the onset of skeletal related events [@bb0020]. Zoledronic acid (ZA) is the most widely used bisphosphonate for the treatment of bone metastases due to its potency and administration schedule [@bb0025]. Moreover, due to the vicious cycle, ZA has been shown to be effective for the treatment of bone metastases regardless of whether the bone lesions are osteolytic or osteoblastic [@bb0030], [@bb0035].

Markers of bone metabolism are biochemical by-products that provide insight into the activity of bone cells. Most of these markers measure the collagen degradation products from osteoclastic activity (i.e., C-telopeptides of type 1 collage or CTX) [@bb0040]. Other resorption markers include 5b isoenzyme of tartrate-resistant acid phosphatase (TRAP5b) [@bb0045], secreted from activated osteoclasts. Bone formation markers are direct or indirect products of osteoblast activity, including osteocalcin (bone Gla protein or BGP) and N-terminal propeptide of procollagen type 1 (PINP) [@bb0050].

Because biochemical markers of bone turnover have proven to be sensitive and specific indicators of bone formation and resorption, they may be useful tools to quantify the degree of bone remodeling in the presence of bone metastases both in basal conditions and after their treatment with bisphosphonates such as ZA. The potential degree of association between bone turnover markers and tumor burden would be of great clinical importance for the diagnosis of patients with bone metastasis as well as for monitoring the disease treatment.

The progression of bone metastasis depends on each type of tumor, as well as the degree of osteolysis/osteosclerosis. Due to the different behavior of bone components depending on the different types of cancer and the different types of bone metastasis (osteolytic or osteoblastic), different biochemical markers should be used in case.

In this study, we analyzed two mice models of bone metastasis: one that develops osteolytic lesions and the other using cells extracted from a patient with osteoblastic lesions. We measured tumor burden over time, as well as the levels of bone formation (BGP and PINP) and bone resorption (CTX and TRAP5b) markers. The most important finding of this study was the establishment of the correlations between tumor burden and the levels of bone markers to identify the best biomarker to detect each type of metastasis and to monitor its treatment with ZA.

Materials and Methods {#s0010}
=====================

Cell Lines and Culture Conditions {#s0015}
---------------------------------

Two human lung adenocarcinoma cell lines were used: the A549M1 cell line, which produces osteolytic metastasis, was isolated as previously described [@bb0055], and the LADOB ([L]{.ul}ung [Ad]{.ul}enocarcinoma [O]{.ul}steo[b]{.ul}lastic) cell line was obtained from a patient diagnosed with lung adenocarcinoma bone metastases of osteosclerotic pattern at the Clínica Universidad de Navarra. LADOB cells were obtained from a 30-ml pleural effusion. Cells were pelleted by centrifugation and seeded in DMEM medium with 10% FCS serum. Adherent cells were subcultured, propagated (\>25 passages), and frozen at different passages with no detected changes in their phenotype. Both cell lines were grown in RPMI 1640 with L-glutamine (Invitrogen, Barcelona, Spain) supplemented with 10% fetal bovine serum (Invitrogen), 1% penicillin, and streptomycin (Invitrogen). Cells were retrovirally transduced with a luciferase reporter gene for *in vivo* image analysis.

*In Vivo* Assays {#s0020}
----------------

Female athymic nude mice (Harlan Iberica, Spain) were maintained under specific pathogen-free conditions. Forty-four-week--old mice were inoculated in the left cardiac ventricle with 2 × 10^5^ A549M1 cells in 100 μl of PBS and 40 with LADOB cells, as detailed elsewhere [@bb0055], [@bb0060], [@bb0065]. Twenty A549 mice and 20 LADOB mice were treated with a single dose of ZA (70 μg/kg) 5 days after i.c. Ten animals of each group were sacrificed 21 and 28 days postinoculation in the A549M1 assay and 60 or 75 days postinoculation in the LADOB assay. Blood samples were obtained under anesthesia by intracardiac puncture and collected into an EDTA-containing tube (Microvette; Sarstedt, Nümbrecht, Germany). Serum was obtained after centrifugation at 400*g* for 15 minutes at 4°C, and serum samples were immediately frozen at −80°C as aliquots until determination of biochemical markers of bone turnover.

Bioluminescence analysis was quantified at 7, 14, 21, and 28 days postinoculation in the A548 mice and 30, 45, 60, and 75 days after inoculation in the LADOB assay. Mice were anesthetized and injected with 100 μl of D-luciferin intraperitoneally. Imaging was completed at 2 minutes exactly for each group of mice with an IVIS 100 Imaging System (Xenogen) and analyzed with Living Image software (Xenogen Inc.). Photon flux was calculated for the hind limbs of each mouse by using a circular region of interest. Background value (from luciferin-injected mouse with no tumor cells) was subtracted in every case.

All procedures were carried out in accordance with European Community Standards on the Care and Use of Laboratory Animals and after approval of the Ethics Committee of Instituto de Investigación Sanitaria Fundación Jiménez Díaz.

Biochemical Markers of Bone Turnover {#s0025}
------------------------------------

Serum BGP was measured by a specific ELISA for mouse BGP (Osteocalcin mouse; DRG, Germany). Sensitivity of this assay was 1 ng/ml. Intra- and interassay coefficients of variation of the method were \<6% and \<8%, respectively. Serum PINP was assayed by an ELISA specific for rat and mouse PINP (Rat/Mouse PINP EIA; IDS, UK). Sensitivity of the assay was 0.7 ng/ml. Intra- and interassay variation coefficients of the method were \<5.0% and \<8.2%, respectively. Serum CTX was measured by an ELISA specific for rat and mouse CTX (RatLaps ELISA; IDS, UK). Sensitivity of the assay was 2.0 ng/ml. Intra- and inter-assay variation coefficients of the method were \<5.6% and \<10.5%, respectively. Serum TRAP5b was measured by an ELISA specific for mouse TRAP (Mouse TRAP Assay; IDS, UK). Sensitivity of the assay was 0.1 U/L. Intra- and interassay variation coefficients of the method were \<6.5% and \<8%, respectively.

Statistical Analysis {#s0030}
--------------------

Statistical analysis was performed using GraphPad Prism 5.01 (GraphPad Software; La Jolla, CA). The results of the experiments were expressed as the mean ± SD or median ± SEM of the different parameters. For bioluminescence, a nonparametric method, the Mann-Whitney test, was used to compare the different groups. A *P* value \<.05 was accepted as denoting a significant difference. For biochemical markers and if the data were normally distributed, Student's *t* test was used, whereas Mann-Whitney *U* test was employed in nonnormally distributed data. Spearman correlation was performed to study the association between bioluminescence and the levels of biochemical markers of bone turnover. Statistical significance was defined as *P* \< .05 (\*), *P* \< .01 (\*\*), and *P* \< .001 (\*\*\*).

Results {#s0035}
=======

Model of Osteosclerosis Using LADOB Cells {#s0040}
-----------------------------------------

We sought to study the metastatic pattern of LADOB cells. To this end, we performed intracardiac inoculation of LADOB cells in athymic nude mice. Bioluminescence imaging showed a selective bone tropism with a time of latency of 28 to 35 days ([Figure 1](#f0005){ref-type="fig"}*A*). Sixty days after inoculation, osteosclerotic lesions were observed in all mice (*n* = 8) by X-ray imaging. Micro-CT scan revealed prominent bone formation in the metaphysis of long bones. Histological examination of these lesions confirmed the presence of tumor cell niches ([Figure 1](#f0005){ref-type="fig"}*B*). TRAP histochemical staining revealed the presence of some osteoclasts surrounding tumor cells with a large number of osteoblastic cells. Bone tumors were surrounded by mineralized bone matrix according to histopathological analysis. These data demonstrate that LADOB cells show metastatic ability, with the capacity to penetrate into the skeleton and to induce osteosclerotic lesions. These findings collectively suggested that LADOB cells alter bone homeostasis and induce new bone formation

### Tumor Burden {#s0045}

The animals were randomized into two groups (20 animals per group) after inoculation of tumor cells into the left cardiac ventricle as detailed in [Figure 2](#f0010){ref-type="fig"}. Tumor burden was monitored by *in vivo* bioluminescence imaging. The results of the bioluminescence imaging quantification are shown in [Figure 3](#f0015){ref-type="fig"}. As expected, bioluminescence imaging revealed a significant increase in tumor burden over time in both the osteolytic (animals inoculated with A549M1 cells) and the osteoblastic (animals inoculated with LADOB cells) mice models. Besides, compared with the nontreated group, ZA administration resulted in a significant decrease in tumor burden at 21 and 28 days postinoculation in the A549M1 animals and at 60 and 75 days postinoculation in the LADOB mice.

### Biochemical Markers of Bone Turnover Levels {#s0050}

At each time point, a subset of 10 animals per condition was sacrificed, and serum biochemical markers were analyzed. [Figures 4](#f0020){ref-type="fig"} and [5](#f0025){ref-type="fig"} show the levels of biochemical markers of bone turnover in mice inoculated with A549 (osteolytic metastasis) or LADOB (osteoblastic metastasis) cells, respectively. Biomarker levels were significantly increased in the untreated group at every time point in the osteolytic model. In the osteoblastic model, 2 months after inoculation, all biomarkers were significantly increased. However, 2.5 months postinoculation, only PINP and CTX were significantly increased. Consistent with the antiresorptive effects of ZA, serum bone remodeling markers significantly declined in treated mice as compared with tumor group in both models of bone metastasis.

### Correlation Between Bioluminescence and Serum Biomarkers {#s0055}

Bone formation marker levels exhibited a significant correlation with bioluminescence in both groups (treated and nontreated animals) of the osteolytic model. Bioluminescence in LADOB nontreated animals was significantly associated only with BGP levels. In contrast, in treated animals, a significant correlation was detected in both formation biomarkers studied with tumor burden assessed by bioluminescence imaging.

Regarding bone resorption markers, only CTX was associated with bioluminescence in the osteolytic nontreated animals. No significant correlation was found between tumor burden and bone resorption markers in the osteoblastic model ([Table 1](#t0005){ref-type="table"}).

Discussion {#s0060}
==========

The use of animal models provides a useful tool to assess the validity of biochemical markers, overcoming the inherent difficulties associated with human research. Xenograft models have been used to study the development of bone metastasis in human carcinomas. This strategy has previously been used by other authors in prostate [@bb0070] and breast cancer [@bb0075].

In this report, we used two xenograft models of lung cancer and bone metastasis. In these models, tumor cells (derived from patients suffering from osteolytic or osteoblastic osseous metastasis) induced selective, rapid, and reproducible bone colonization. Indeed, all inoculated animals showed an increase of tumor burden (assessed with bioluminescence imaging) on their hind limbs over time independently of the nature of the tumor cells. The fact that tumor burden increases over time in the skeleton shows that bone represents a "fertile soil" for the growth of the tumor cells.

We assessed the most common remodeling markers routinely used in the clinical setting. We selected two markers of resorption (α-CTX and TRAP5b) and two of bone formation (BGP and PINP). It is important to note that, in animal models, we can only measure the α isoform of CTX. Because the degree of β-isomerization increases with the age of collagen molecules and because rodents have a very high rate of bone remodeling, in these animals, isomerization of CTX into its β isoform does not occur.

We showed that the levels of all markers (formation and resorption) were higher in mice with bone metastasis than in the control group independently of whether the metastasis were osteolytic or osteoblastic, reflecting the increase in bone turnover produced by the presence of tumor cells in the bone tissue. In an article by Ebert et al. [@bb0080], a large set of bone remodeling markers was analyzed to determine whether bone markers can replace bone scintigraphy in the diagnosis of bone metastasis from lung cancer. They show that all markers, except for TRAP5b, were higher in patients with bone metastasis than in those without. Moreover, they did not find differences in the levels of these markers between patients suffering from osteolytic metastasis and patients with osteoblastic metastasis. The increase in the levels of bone formation or bone resorption at the onset of skeletal metastases would reflect the dominant osteoblastic or osteoclastic activity, respectively. However, due to the coupling remodeling phenomena, all markers of bone remodeling were elevated.

Several preclinical studies *in vitro* and in murine models of bone metastasis have shown that bisphosphonates are able to suppress osteoclastogenesis and even tumor cells growth, inhibiting the development of both osteolytic and osteoblastic bone metastasis [@bb0035]. According to our results, although ZA is able to reduce the increase of tumor burden, this treatment is not enough to avoid the seeding and the proliferation of the tumor cells in the skeleton. Furthermore, in both models of metastasis, values of all markers (formation and resorption) decreased significantly and, in most cases, reached the levels of the control group. These findings might be partially explained by the antiosteoclastic action of ZA and the high degree of bone coupling. Previous clinical studies have described similar results [@bb0085], [@bb0090], [@bb0095].

Regarding the correlation between bone turnover markers and tumor burden, in the osteolytic model, PINP and BGP demonstrated a strong association with bioluminescence in both tumoral and ZA animals, meaning that there is a significant correlation between bone matrix formation and metastasis progression, probably due to the coupling process. Interestingly, PINP and BGP, two bone formation markers, demonstrated a better correlation than bone resorption markers in a model characterized by overt osteolytic lesions. One would expect that CTX and TRAP5b would show a good association with osteolytic lesions. However, of these two resorption markers, only CTX was significantly associated with bioluminescence in the group of animals that were not treated with ZA.

Similar results were found in the osteoblastic model. Both bone formation markers correlated with tumor burden in the treated animals, whereas nontreated animals showed only a significant correlation between BGP and bioluminescence. Again, bone resorption markers did not show any significant correlation with the number of tumor cells. We found few reports in the literature studying the association of bone remodeling markers and osteoblastic metastasis treated with ZA. Most of these reports did not address osteoblastic metastasis specifically. De la Piedra et al. [@bb0100] described that PINP is a strong predictor of the appearance of skeletal related events for patients with prostate cancer and bone metastasis treated with ZA.

Interestingly, none of our mice models showed association between tumor burden and the resorption marker TRAP5b. As previously described [@bb0105], TRAP5b activity is not equal to the biological activity of osteoclasts; it reflects the total osteoclast number. Therefore, a high value may not accurately reflect the extent and degree of bone destruction.

Several clinical studies suggest that bone markers should provide useful diagnostic or prognostic information in patients suffering from bone metastasis [@bb0100], [@bb0110]. Most of these studies analyze bone turnover markers in groups of patients with bone metastasis from the same primary cancer. In a large study of patients with breast cancer and bone metastasis, Chao et al. [@bb0115] concluded that TRAP5b is a strong indicator of the presence of bone metastasis at early stages; however, it does not correlate with the extension of the disease until scintigraphy shows four or more lesions. We used the "bone resorption index" proposed by Rissanen et al. [@bb0120], in which the ratio of CTX/TRAP5b (used to estimate the amount of resorption per osteoclast) appears to be an extremely useful parameter in the postmenopausal setting. However, in this study, we did not find significant results using this parameter (data not shown).

In summary, this is the first study comparing in two mice models of osteoblastic or osteolytic metastasis the correlation between the most commonly used bone turnover markers and tumor burden. Intriguingly, we found that the best biomarkers for the diagnosis of both osteolytic and osteoblastic metastases are formation markers, especially BGP. Moreover, these markers can be useful in the follow-up of the treatment with ZA of both types of metastasis.

![(A) In vivo bioluminescence imaging of a representative athymic nude mouse 7 weeks after intracardiac inoculation of LADOB cells. Note the bioluminescence emanating from different locations from the spine, long bones, and the skull compatible with the multifocal skeletal pattern of metastases. (Middle) X-ray imaging of a femur showing the radio opacity in the two metaphyses spreading toward the diaphysis. (Right) Micro-CT scan of the same bone showing osteosclerotic lesions. (B, Left) H&E staining showing the presence of tumor cells surrounding dense patches of newly formed bone at the metaphyseal-diaphyseal location. (Middle) Immunostaining for pan-cytokeratin showing tumor cells surrounded with newly formed bone. (Right) TRAP staining showing positive immunoreactivity at the tumor-bone interphase.](gr1){#f0005}

![Experimental design. (A) Five days after i.c. inoculation of A549M1 cells, animals were treated with a single dose of ZA (70 μg/kg) or vehicle. Ten mice for each treatment and each time point were sacrificed at 21 and 28 days. Bioluminescence was analyzed 7, 14, 21, and 28 days after A549 cells inoculation. (B) Five days after i.c. inoculation of LADOB cells, animals were treated with a single dose of ZA (70 μg/kg) or vehicle. Ten mice for each treatment and each time point were sacrificed at 60 and 75 days. Bioluminescence was analyzed 30, 45, 60, and 75 days after LADOB cells inoculation.](gr2){#f0010}

![Bioluminescence of mice inoculated with A549 or LADOB cells. (Top) Quantification of bioluminescence images was performed in the hind limbs. Data are expressed as the mean ± SEM of 10 animals/group. Mann-Whitney *U* test was used for comparisons between groups. Statistical significance was defined as *P* \< .05 (\*) and *P* \< .01 (\*\*). (Bottom) Photon flux images of the whole body of representative animals.](gr3){#f0015}

![Serum levels of biochemical markers of bone turnover of the group of mice inoculated with A549 cells. (A) PINP. (B) BGP. (C) CTX. (D) TRAP5b. For comparisons, Mann-Whitney *U* test was used. Data are presented as mean ± SEM of 10 animals/group. Statistical significance was defined as *P* \< .05 (\*), *P* \< .01 (\*\*), and *P* \< .001 (\*\*\*).](gr4){#f0020}

![Serum levels of biochemical markers of bone turnover of the group of mice inoculated with LADOB cells. (A) PINP. (B) BGP. (C) CTX. (D) TRAP5b. For comparisons, Mann-Whitney *U* test was used. Data are presented as mean ± SEM of 10 animals/group. Statistical significance was defined as *P* \< .05 (\*), *P* \< .01 (\*\*), and *P* \< .001 (\*\*\*).](gr5){#f0025}

###### 

Correlation Coefficients of Biochemical Markers With Bioluminescence

Table 1

           Tumoral       ZA                         
  -------- ------------- ------------ ------------- ----------
  BGP      −0.6740\*\*   0.6786\*\*   −0.6739\*\*   −0.587\*
  PINP     0.6585\*\*    ns           −0.4954\*     0.5123\*
  CTX      0.6305\*\*    ns           ns            ns
  TRAP5b   ns            ns           ns            ns

Pearson correlations. Statistical significance was defined as *P* \< .05 (\*), *P* \< .01 (\*\*), and nonsignificant (ns).
